The complete genome sequence of the flowering plant Arabidopsis thaliana has been determined. New insights have come from comparisons between this sequence and genome sequences of other species, including those of cyanobacteria, yeast, worms and flies.
As the last common ancestor of plants and animals was a unicellular organism, plants and animals represent two independent answers to the problems posed by multicellular life. The apparently very different outcomes of 1.6 billion years of evolution raise the question of what lies beneath the surface: is there, after all, essentially only one way to solve the demands of being a multicellular organism, or are there several -at least two -alternative solutions? The recent publication of the sequences of chromosomes one, three and five of the model flowering plant Arabidopsis thaliana [1] [2] [3] makes it possible to address this question. Together with the previously published sequences of chromosomes two and four [4, 5] , as well as mapping of the centromeres [1] [2] [3] [4] [5] [6] , these publications mark the completion of the Arabidopsis genome project, covering about 115 megabases of the total genome of 125 megabases. They are the culmination of five years of work by an international collaboration, the Arabidopsis Genome Initiative (AGI). Arabidopsis thus joins the nematode Caenorhabditis elegans [7] and the fruitfly Drosophila [8] as the third multicellular organism to have its genome sequenced -this triumvirate may have been joined by Homo sapiens by the time you read this -offering exciting insights into both the differences and similarities between animals and plants.
Arabidopsis, a small member of the mustard family, was adopted some twenty years ago as a reference plant. It has the advantages of a small genome and a short generation time, and is easy to transform genetically. The commitment of the plant biology community to concentrate on Arabidopsis, beginning in the mid-1980s, is reflected in the impressive progress that has since been made in understanding fundamental mechanisms of plant biology, and this is crowned by the elucidation of the entire genomic sequence.
With 25,498 predicted protein-coding genes, Arabidopsis has the largest number of open reading frames of any published genome sequence that had been published by the end of the year 2000 [9] . Although the number of predicted protein-coding genes in the Arabidopsis genome is substantially larger than that predicted for either C. elegans (19,099) or Drosophila (13,601), these differences are perhaps misleading. Analysis of the Arabidopsis genome indicates that it is the result of a whole genome duplication followed by many instances of gene loss, as well as local gene duplications. These latter events account for the high proportion of repeated genes in the genome: 17% of the genes in Arabidopsis are arranged in tandem arrays, with up to 23 genes per array. So although the overall number of protein-coding genes is highest in Arabidopsis, the total number of distinct protein types predicted is only 11,601. This is very similar to estimates for Drosophila and C. elegans, suggesting that a proteome of 11,000-15,000 types is able to support diverse multicellular organisms.
What is known of the genes predicted by the Arabidopsis sequencing project? The AGI analysed the predicted genes by comparing their sequences with those of other eukaryotic genomes that have been sequenced, including those of Drosophila, C. elegans and the budding yeast Saccharomyces cerevisiae [7] [8] [9] [10] . In this way, it was possible to assign a likely function to some 69% of the genes, largely on the basis of their similarity to proteins already known. It must be stressed that these are only hypothetical functions, as only some 9% of the genes have been experimentally characterised. This leaves about 30% of the genes with no predicted function at all; this is summarised in Figure 1 . Interestingly, the proportion of Arabidopsis genes with relatives in other eukaryotes varies by a factor of about three, depending on the functional group. Some 48-60% of proteins involved in protein synthesis, but only 8-23% of proteins involved in transcriptional control, have counterparts in other eukaryotes. This apparently reflects the independent evolution of transcriptional control mechanisms needed for different forms of multicellular life.
Many transcription factor families with prominent roles in animal development, such as Paired, Forkhead-winged helix or Rel domain proteins, are apparently not present in Arabidopsis, while members of other families are used in different ways. In animals, differentiation along the anterior-posterior axis involves the spatially restricted action of homeodomain proteins, which are encoded in Hox gene clusters. Organ identity along the centripetal axis of flowers is regulated in a similar way, through the spatially restricted activity of closely related transcription factors, but in this case they are MADS domain proteins, the genes for which are not arranged in clusters. Interestingly, MADS domain proteins are found in animals, but they control other aspects of development than the Hox proteins. Similarly, several classes of homeodomain proteins are found in plants, but while they regulate certain developmental processes, they do not seem to participate in the control of organ identity.
Signal transduction pathways offer a similarly interesting example of parallel evolution. Plants appear to lack several of the most widely adopted signalling pathways found in vertebrates, flies and worms, such as the Notch, Wnt and Hedgehog pathways, or the various receptor tyrosine kinase-Ras pathways. Instead, Arabidopsis makes use of signal transduction pathways comprising different modules. For example, the brassinosteroid receptor BRI1 is a member of a serine/threonine kinase family with extracellular leucine-rich repeats that has at least 82 members in Arabidopsis (probably a gross underestimate). Other signalling pathways appear to have been added by horizontal gene transfer from cyanobacteria, which has made the plant genome richer and more diverse with proteins that have no close relatives in animals or fungi. Examples of this are the ethylene receptors and phytochrome photoreceptors, which are both thought to be derived from prokaryotic histidine kinases. But while cyanobacterial phytochromes are bona fide histidine kinases, the phytochromes of land plants have evolved serine/threonine specificity and thus are merely histidine kinase homologues. Furthermore, several proteins that act downstream of the phytochromes and ethylene receptors in plants are not present in cyanobacteria. This illustrates the flexible nature of protein-protein interactions, which allows the combination of modules from different systems to create new signalling cascades.
What about basic cellular functions? As expected, many cell-cycle regulators appear to be conserved in Arabidopsis, including cyclin-dependent kinases, cyclin subunits, an Rb-related protein, components of the ubiquitin-dependent proteolytic pathway and chromatin condensation components. The basic machinery of chromosome duplication and segregation thus seems to be conserved. By contrast, the machinery of M-phase progression appears to be modified in plants, as Arabidopsis lacks both the Cdc25 protein phosphatase, which activates Cdc2 kinase in animals and fungi, and Polo kinase, which regulates passage through M-phase in other systems. On the other hand, plants have a specific mitogen activated protein (MAP) kinase involved in cytokinesis. Notably, cytokinesis in plants differs in a fundamental way from that in either fungi or animals, beginning as it does at the centre of the cell-division plate and progressing laterally. This probably accounts for why M-phase progression is controlled differently in plants and why plants do not have septins or type II myosins, but rather a cytokinesis-specific syntaxin (a protein type known in other contexts to be involved in membrane fusion).
Proteins required for fundamental intracellular processes are thus largely conserved across eukaryotic kingdoms, while different proteins are often used to achieve the same ultimate goal of intercellular communication -that of altering gene expression in different cell types. In addition to the basic genetic tool kit available from the last unicellular ancestor of both plants and animals, plant genomes seem also to have been enriched through horizontal gene transfer from endosymbiotic cyanobacteria.
Apart from telling us about similarities and differences between plants, fungi and animals, there are many practical outcomes of the completion of the Arabidopsis genomic sequence. Arabidopsis is first and foremost a powerful genetic system, and the completed genomic sequence is the ultimate physical map. So-called 'forward genetics' is now relatively simple in Arabidopsis -the positional cloning of mutant genes has become routine, and is possible in months or even weeks, rather than years. In parallel to the genome project, the creation of hundreds of thousands of T-DNA Dispatch R113 and transposon insertion lines is an invaluable research tool, which will greatly facilitate the determination of gene function by reverse genetics [11, 12] . The ability to easily store large numbers of Arabidopsis lines as seeds is a significant advantage of this system compared to most animal model species. Given that at least 30% of the predicted Arabidopsis proteins have no known function, the availability of reverse genetic tools is of great importance. This is particularly the case where multiple genes have overlapping functions; for example, to reveal the function of the closely related SEPA-LLATA (SEP) floral organ-identity genes, it was necessary to make a triple mutant sep1 sep2 sep3 plant [13] .
Other opportunities opened by the Arabidopsis sequence include comparative genomic studies within flowering plants, which will provide not only invaluable information on their evolution, but also powerful tools for crop improvement. As an example, the CONSTANS gene, which has long been known to be an important regulator of flowering in Arabidopsis, has recently been shown to play a similar role in rice, confirming that even processes that differ significantly between species have conserved molecular underpinnings [14] . In contrast to Arabidopsis, which flowers faster in long days, rice flowers faster when days are short. Nevertheless, CONSTANS acts downstream of photoperiod signals in both species.
Although completion of the Arabidopsis genomic sequence presents a host of unprecedented opportunities, much work remains to be done. Only some 9% of the predicted Arabidopsis genes have been characterised experimentally, and a full 30% have no putative function at all assigned to them. This will keep plant researchers busy for some years to come. "Give us the tools and we will finish the job." Winston Churchill, Radio Broadcast, February 9, 1941. 
